Over the past years substantial progress has been made in the molecular elucidation of monogenic forms of obesity both in rodents and in humans. In addition, several quantitive trait loci have been mapped in mice. In humans, non-parametric linkage studies have led to the identification of relevant chromosomal regions, some of which have already been confirmed. In this review we focus on an interpretation of the heritability estimates obtained in twin, family and adoption studies. These estimates include both direct and indirect genetic effects. Non-additive genetic factors seemingly contribute even more than additive factors. The importance of the non-shared environment is stressed. GeneÂgene interactions need to be considered when interpreting recent molecular genetic results pertaining to haplo-insufficiency mutations in the melanocortin-4 receptor gene. We conclude by discussing the implications of the recent molecular findings in humans for phenotypical assessment in ongoing family studies.
Introduction
Excellent reviews pertaining to our current understanding of the genetics of obesity have been published recently, 1 -3 which document the tremendous pace with which this field is evolving. Large-scale efforts are being undertaken to detect the genes involved in weight regulation, particularly in obesity. The major results over the past four years relate to the identification of monogenic forms of human obesity. As the sequencing of the human genome is virtually complete, the coming years will undoubtedly witness the identification of several genes located within chromosomal linkage regions. In contrast to the genes underlying monogenic forms of obesity, these future findings will have implications for substantial subgroups of the obese population. The respective findings are bound to not only have an impact on the scientific community but also on society as a whole. Because of the public interest in this phenotype the research results will find rapid entrance into modern day society, necessitating a communication process between researchers, clinicians and the public to delineate potential implications. Expectations are high that this genetic knowledge will allow identification of new drug targets and the subsequent development of novel drugs for treatment of obesity. In the light of these current and future developments we perceive the need to address some of the practical implications of past and ongoing genetic research related to weight regulation and obesity.
Heritability estimates: what do they imply?
Genetics vs environment It is worthwhile reviewing heritability estimates for obesity or in broader terms body weight in general. Twin studies have produced the most consistent and highest heritability estimates for body mass index (BMI; kg=m 2 ) in the range between 0.6 and 0.9. 4 These high estimates apply to twins reared both together and apart. Except for the newborn period for which a lower heritability of 0.4 has been calculated 5 age does not affect heritability estimates to a substantial degree. Evidently, the influence of the intrauterine environment on birth weight is strong. However, genes rapidly override this initial environmental effect, because in school-age children high heritabilities already apply. Based on twin studies it has been suggested that the heritability of BMI is most pronounced during late childhood and adolescence. 6 The genes relevant for weight regulation are apparently not the same throughout life, according to a large longitudinal twin study 7 only 40% of the genetic factors that influence the BMI at age 20 y continue to do so at age 48 y. After this age the same genes mostly remain operative.
Adoption and family studies have derived considerably lower heritability estimates, the lowest estimate being in the magnitude of 0.1 for BMI. 8 However, a recent large family study has for the first time come up with a heritability estimate of 0. 67, 8 which is in the same range as those derived from twin studies. Furthermore, a heritability estimate of this magnitude indicates that the genetic component for body weight is not that much below that for body height. In their family study Maes et al 8 discussed potential reasons why the high heritability estimates in twin studies may be better than those obtained in other types of family studies including a better control for age effects.
Direct and indirect genetic effects
For an adequate interpretation of the high heritability estimates obtained in twin studies it is noteworthy to point out that both direct and indirect genetic effects are subsumed under the genetic component. 9 Consider the following example: both infant twins of a monozygotic pair are frequently irritable due to a biologically driven increased hunger (direct genetic effect). This hunger induces frequent feedings by the caretaker irrespective of his or her background. Thus, even if the twins are separated at birth, the caretakers would respond similarly as soon as they had learned that providing food soothes the child. This indirect genetic effect actually represents the response of the environment to the genetically based excessive hunger. It is readily evident that in this case the indirect genetic effect is crucial for the development of early onset obesity in both twins. If one of the caretakers of the reared apart twins systematically curtailed the infant's energy intake (implying a willingness to deal with the resulting irritability), early onset obesity would ensue in only the other twin.
It can be argued that the illustrated indirect genetic effect is only important in infants and young children who cannot yet obtain food on their own. As the twins grow older their relentless hunger would undoubtedly cause them to devise ways and means to obtain food without direct parental assistance. In addition, whereas the initial weight gain might be perceived as an indication of good health, the caretakers themselves would soon become aware of the obesity and attempt to reduce the twins' energy intake. Accordingly, it is of interest to note that almost 50% of the interviewed mothers of the extremely obese children and adolescents whom we have included in our molecular genetic studies, reported secret eating episodes of their 11 to 14-y-old children (Table 1) . Evidently, the children learn that their overeating is not socially acceptable and resort to eating secretly. Accordingly, in those individuals with a genetically driven increased hunger who can by themselves obtain access to food, the indirect genetic effect is accounted for by modern day society with its ready availability of a large variety of inexpensive and highly palatable foods.
This discussion has evident implications for assessing environmental influences on body weight. An example pertains to breast-feeding which has been shown to protect from the development of childhood obesity. In a recent study the duration of breast-feeding predicted a lower rate of obesity at ages 5 and 6. 10 The causual inference is that breast-feeding directly prevents the development of obesity. However, an alternative interpretation is that more hungry infants are switched to bottle feeding at an earlier age than less hungry infants. 11 Indeed, the most common reason mothers give for stopping breast-feeding is the impression that their child does not get an adequate supply of milk. 12 Thus, potentially the direct genetic effect (increased hunger) implies an earlier switch to bottle feeding (indirect genetic effect) in industrialized countries. Viewed in this context it is not surprising that the child bottle-fed earlier on turns out to have a higher body weight in comparison to infants who are breast-fed for a prolonged period.
The importance of non-shared environment
Another interesting aspect of the twin studies, but also of adoption and family studies, has been the observation that the non-shared environment explains considerably more variance of the quantitative phenotype BMI than shared environment. In the large study of twins reared both together and apart by Stunkard and coworkers 13 shared environment basically did not explain variance, instead non-shared environment totally explained the environmental component estimated at 30%. At first glance this is difficult to comprehend because we intuitively attribute obesity to familial eating and dieting patterns and the familial level of physical activity. However, based on the relative unimportance of shared environment we need to focus on what makes the BMI of twins or siblings dissimilar. Accordingly, it is not important what the mother buys to eat or what she serves. Instead, variance can basically only be accounted for by assessing what and how much each family member actually eats. 14 We need to overcome the notion that two obese children within the family developed their obesity because of their shared environment. Especially the (reared apart) twin studies indicate that this similarity has a strong genetic basis. In this context, therapeutic strategies that depend on influencing shared environment are not incorporating the information stemming from these twin and family studies. We need to further devise ways and means to therapeutically target the non-shared environment. Based on these considerations a list of candidate environmental experiences believed to promote obesity in children has been outlined. 15 
GeneÂgene and geneÂenvironment interactions
Additive and non-additive factors Formal genetic studies have also revealed that both additive and non-additive gene effects are important. 8 In their twin study Stunkard and coworkers 13 estimated that in males 57% and 17% of the variance in BMI is due to non-additive and additive gene effects, respectively. In females the respective percentages were estimated at 37% and 31%. Thus, according to this study non-additive gene effects account for a larger proportion of the variance than additive. The discrepancy between the higher and lower heritability estimates calculated in the twin and family studies, respectively, is presumably also partially due to the strong effect of nonadditive factors, which can be assessed more reliably in twin studies. In this situation different alleles at different loci do not simply affect the phenotype via mere additive effects. Instead, allele 1 at locus A might only have an impact on body weight if allele 1 at locus B is also inherited. The importance of the genetic background including both additive and non-additive effects has repeatedly been documented in inbred mice. 16, 17 Polygeny and genotypeÂenvironment interactions Whereas it is widely accepted that several different genes contribute to obesity, the respective implications for our understanding appear less clear. Evidently, these genes would in some way influence energy intake and=or expenditure. Behavioral genetics has convincingly demonstrated that approximately 50% of the variance of diverse complex quantitative behaviors is genetically determined. 18 Accordingly, eating a high-fat diet or exercising too little cannot only be viewed as having an environmental basis. Instead, gene variants predisposing an individual to choose such a diet or predisposing to physical inactivity need to be considered. Accordingly, both the macronutrient intake 19 and activity levels 20 have been shown to be genetically determined. Whereas many different studies have addressed the potential consequences of TV watching for childhood obesity, 21 there is an absolute scarcity of studies addressing the extent to which TV watching is heritable. 22 In our own study we have found significant correlations between parents and their offspring for hours spent watching television, especially during the weekend (unpublished data). It appears that this phenotype like many other behavioral phenotypes has a heritable component. Thus, some children are genetically prone to watch more TV than others. Such formal genetic studies pertaining to this behavior are required to caution us that the mere delineation of the relationship between TV viewing and obesity does not amount to the identification of a causative environmental factor. Instead, based on our genotypes we react differentially towards this environmental factor. This is just one out of potentially many different genotypeÂenvironment interactions. Obviously, the complexity of the genetic basis of obesity applies both from a metabolic and behavioral perspective.
In the light of genotypeÂenvironment interactions the recent obesity epidemic is interesting to analyze. Because the gene pool of a population cannot change within a generation, environmental changes are presumed to be of eminent importance. 23 Nevertheless, it should again be pointed out that these changes can only have a major impact because our genotypes render us especially obesity prone. 24 Irrespective of the assumed environmental basis of secular trends for both height and weight there is no indication that heritability estimates in family studies are actually declining in the light of the obesity epidemic.
Despite the constancy of the gene pool a genetic contribution to epidemic obesity cannot be dismissed. Based on the high rate of parental obesity observed among parents of extremely obese children we have hypothesized that the recent increase of social stigmatization of obese individuals might actually have led to an increase of assortative mating. 25 Accordingly, having an obese partner would have been more acceptable 50 y ago than currently or just one or two decades ago. If assortative mating for obesity indeed increased over the last half of the twentieth century, children born of two obese parents would stand a substantial chance of inheriting predisposing gene variants from both parents and of developing a severe form of obesity. This mechanism could contribute to epidemic obesity particularly by affecting the upper tail of the BMI distribution. In this context it is worthwhile pointing out that the most dramatic secular BMI increments in children and adolescents have been detected in the overweight and obese range. 26, 27 A part from obesity per se assortative mating might also occur for specific lifestyles which predispose to weight gain. Assortative mating for leisure activities has been documented. 28 According to this scenario obesity need not necessarily already be present when a couple first get acquainted. However, the preference for (genetically co-determined) activities could entail an elevated risk for development of an elevated body weight in both partners.
Molecular genetic studies

Monogenic obesity
The cloning of the agouti 29 and leptin gene 30 in rodent obesity models mark the initiation of the molecular genetics of obesity. A success story has evolved since; in humans autosomal recessive mutations in the genes for leptin, 31 -33 leptin receptor, 34 prohormone convertase 1 (PC1, 35 ) and proopiomelanocortin (POMC, 36 ) have been shown to lead to early onset obesity. Not surprisingly, inbreeding was documented in the affected family members with leptin and
The genetics of obesity J Hebebrand et al leptin receptor gene mutations. 31 -34 Compound heterozygosity has been detected for PC1 and POMC mutations. 35, 36 All of the mutations apparently lead to additional phenotypical manifestations including adrenal insufficiency (POMC), red hair (POMC) and reduced or impaired fertility (PC1, leptin and leptin receptor). Furthermore, seemingly all mutations lead to early onset extreme obesity induced by an increased energy intake. A reduced energy expenditure as a contributing pathogenetic factor has not been documented. Finally, all mutations are evidently exceedingly rare; mutation screenings in the coding and promotor regions of the respective genes have not revealed other mutations which can functionally readily be linked to obesity. 37 -44 However, linkages or associations have been reported to markers surrounding or within the leptin gene locus on 7q31 45 -47 and the leptin receptor locus on 1p32. 42,48 -50 In addition, linkage of serum leptin levels and fat mass has been described upon use of markers that localize to the POMC region on chromosome 2p 51, 52 and variation of leptin levels has been associated with POMC polymorphisms. 53 The first autosomal dominant form of human obesity due to a missense mutation in the gene coding for the peroxisome-proliferator-activated receptor gamma2 (PPARg2) was discovered in four out of 121 obese unrelated Germans, 54 but not in any of the 237 normal weight controls. Analysis of the mutation by retroviral transfection and overexpression in murine fibroblasts revealed functional deficiencies. The same mutation has not been detected in any further obese individuals including obese German children, adolescents and adults. 55, 56 Melanocortin-4 receptor gene The most recent advance has been the identification of functionally relevant haploinsufficiency mutations in the melanocortin-4 receptor gene. 57 -62 Haploinsufficiency mutations have been detected in four out of 492 extremely obese German children and adolescents indicating that the frequency of these mutations is in the range of 1%. 60 Several missense mutations have also been detected in our own study group and in other samples. 59, 61, 63, 64 Assays have revealed that most of these mutations have a functional implication. 61, 64 Accordingly, the epidemiological significance of functionally relevant melanocortin-4 receptor mutations is presumably in the magnitude of 3%. 61 It is presently unclear to what extent body weight is elevated by the respective mutations. The original mutation screenings were performed in extremely obese patients. 57 -59,63,64 Systematic screenings in individuals with overweight or obesity grade 1 have not been reported. However, of the 15 haploinsufficiency carriers identified amongst the relatives of four index patients three had a current BMI below the 95th centile. A gender difference was apparent: 60 similar to results obtained in MC4R knockout mice, 65 female carriers were more obese than the males. In France single males with haploinsufficiency mutations were identified with a normal body weight. 61 The weight curves of the heterozygous MC4R knockout mice also clearly extend into the range formed by wild-type animals. 65 The strong nonadditive component determined in several formal genetic studies 8, 13 suggests that the reduced penetrance of a melanocortin-4 receptor null mutation might be due to just this effect. Whereas Vaisse et al 61 did not find direct evidence for modifying genes, such an effect can currently by no means be excluded. Thus, such non-obese carriers might have additionally inherited an allele(s) protecting them from developing obesity. Further studies are required to assess the impact on body weight of individuals with the respective mutations. It is of interest to point out that recent evidence implicates a role of a missense mutation in the porcine MC4R in fatness, growth and feed intake traits in this species. 66 The MC4R mutations suggest that it will be especially difficult to pinpoint the effect of gene variants that exert only a minor influence on body weight. In association studies large case numbers will be required to firmly establish a role of the respective variants; a stratification according to weight class appears reasonable. Thus, probands could be categorized as underweight, normal-weight, overweight and obese; allele frequencies could accordingly be expected to systematically increase. However, because the gene variants predisposing to leaness might be non-allelic to variants predisposing to overweight this systematic increase is probable but not a precondition. Linkage analyses are hampered by the fact that a priori the phenotype needs to be defined. 60 A low threshold (eg 75th BMI-percentile) will lead to inclusion of a substantial number of phenocopies, a high threshold (eg BMI > 97th BMI-centile) will potentially imply that allele carriers are not considered as obese. In this situation the transmission disequilibrium test 67 is a viable option provided that the allele frequency is not too low.
Extensive or simple phenotypical assessment?
The detection of the first monogenic forms of obesity may serve to critically reflect on standard procedures for the phenotypical assessment of obese individuals participating in genetic studies. Given our current knowledge the essential features of the monogenic forms include red hair, 36 an eating pattern similar to that observed in children with the Prader Willi syndrome, 31, 34 disturbances of the hypothalamicpituary -gonadal axis, 32 -34 other endocrinological abnormalities including adrenal insufficiency, 36 markedly elevated or reduced serum leptin levels 31, 32, 34 and elevated proinsulin levels. 35 Undoubtedly, obese individuals with any one or a combination of these abnormalities potentially have a monogenic form of obesity. No specific phenotypical abnormalities have been reported in carriers of MC4R haploinsufficiency mutations. 57 -62 Recently, indirect evidence points to a potential role of leptin deficiency in reduced immune function. 33 This wide range of phenotypical abnormalities observed in the rare autosomal recessive,
The genetics of obesity J Hebebrand et al quasi syndromal forms of obesity are definitely not representative of obese individuals in general. It is doubtful whether standard phenotypic assessments used in genetic research can include such a diverse range of phenotypes.
As for normal obesity it appears worthwhile to discuss phenotyping in genetically orientated research. Two extreme positions serve to illustrate different viewpoints. On the one hand it can be argued that due to the potentially enormous heterogeneity extensive phenotyping should be performed, which actually serves two purposes: (1) phenotypically homogeneous subgroups with an assumed common genetic basis can be identified; (2) apart from analyzing body weight or BMI alone, additional phenotypes can be included in association and linkage studies. Obviously, extensive phenotyping is expensive and additionally requires the proband's cooperation. Typically, current phenotypic assessment procedures include physiological and metabolic parameters, many of which are correlated.
On the other hand a minimal phenotypic assessment procedure would focus on current BMI. This approach would allow the ascertainment of a considerably larger number of individuals at the same cost as an extensive phenotyping of a considerably smaller number of individuals. In this scenario extensive phenotyping can be initiated once a relevant gene variant has been identified.
Contrasting these two extreme positions points to inherent respective advantages and disadvantages. Aside from the high costs per ascertained individual the first approach could be criticized for concentrating on specific phenotypes only. Similar to the situation in the aforementioned monogenic forms of obesity it is a priori difficult to decide what phenotypes to include. Thus, despite their evident potential implication, behavioral phenotypes are not routinely included in extensive phenotypical assessments to any significant extent. For example, in discordant sibs we have screened for eating disorders and restrained eating using interviews and questionnaires. Not unsurprisingly, amongst normal weight or underweight sibs of obese index patients we identified individuals with these problems (unpublished data). A focus on diverse metabolic and physiological parameters alone would not have cautioned us as to inclusion of these lower weight sibs in a discordant sib pair approach.
In this context it is of interest to assess the subjective explanations obese and normal-weight individuals give for their current body weight. Despite a high familial loading for obesity 25 only a small minority of the German obese adolescents and adults we have ascertained, spontaneously mention genetic factors as being important (unpublished data). In an attempt to systematically assess the subjective opinions we questioned a large number of both extremely obese adolescents and parents with obese offspring subcategorized according to the absence or presence of obesity ( Figure 1 ). The questions pertained to eating, smoking, alcohol intake, weight watching behavior, emotional items and physical activity. Both the obese adolescents and the obese adults particularly commonly endorsed statements pertaining to eating, seemingly indicating that they consider their energy intake as too high. For example 'I consider the fact that I like to eat as relevant to my current body weight' was stated by almost 90%, 75% and 90% of the obese fathers, mothers and adolescents, respectively. The comparison between obese and normal-weight parents revealed that mainly the items pertain- The genetics of obesity J Hebebrand et al ing to eating are more frequently endorsed by the obese. The responses to other statements only minimally differed between obese and normal-weight parents (eg 'I have a physically strenuous job'). Obese men especially also attributed their obesity to a reduced energy expenditure (eg 'My physical activity is low'). A comparison by gender reveals that females more frequently perceived emotional aspects as being important. However, only the question related to eating and emotions ('I eat when frustrated') separated the obese mothers from their normal-weight counterparts. It is granted that these subjective opinions must be viewed with considerable caution. However, they do raise The genetics of obesity J Hebebrand et al the question as to whether extensive metabolic phenotypical assessments capture the essence of the biological mechanisms underlying obesity. What if the major causes for obesity are indeed simply an increased appetite and a reduced level of physical activity? The absence of assessment procedures to reliably quantify these basic behaviors in the large number of individuals required to account for genetic heterogeneity hampers genetic research. In addition, such an assessment would have to take developmental aspects into account. Thus, even if an elevated appetite can be measured reliably in an obese proband, does this also imply that this mechanism also led to the development of the elevated body weight?
Another problem arises from the fact that the co-analysis of different phenotypes results in multiple testing, which statistically should be corrected for, in order to render an adequate interpretation of the results possible. Some studies do not seem to be focussed due to the inclusion of so many different phenotypes. The intercorrelation of specific phenotypes is an additional problem. Thus, in the light of the correlation between BMI, percentage body fat and serum leptin levels 68 the finding of linkage of serum leptin levels unadjusted for BMI and fat mass to chromosome 2q 51, 52 is difficult to comprehend. Finally, in the light of the crosssectional nature of most studies the rationale behind an exact and expensive determination of fat or fat-free mass can be questioned, given the commonly encountered undulating weight course of extremely obese individuals (Table 2) .
If on the other hand obesity is such a genetically complex phenotype, a crude phenotypical assessment procedure might not enable the identification of the respective genes. If indeed homogeneous subgroups can be defined which are also more homogenous in genetic terms, this should greatly facilitate the identification of the underlying genes. A detailed phenotypical characterization might allow the identification of putative genes predisposing to for instance both obesity and non-insulin dependent diabetes mellitus. It can also be argued that in the light of the high costs of both the ascertainment of probands and families and a genome scan, different or related phenotypes should be analyzed simultaneously. Based on the current strong focus on metabolic phenotypes we believe that the assessment procedure should also include behavioral phenotypes. Perhaps the complexity of the phenotype obesity can be overcome somewhat if different groups pursue different phenotypical assessment procedures. It is readily apparent that reliably quantifiable phenotypes should be preferred.
Currently available data from genome scans indicate that the use of the simple phenotype 'current BMI' does lead to replicable results. Thus, the initial finding of linkage to chromosome 10p using current BMI as the relevant phenotype in a French study 52 could be replicated in a German study population. 69 In addition, other linkage regions have been identified upon use of the BMI. 52, 70 While these linkage results might merely reflect the initial hits with many more to come upon use of more differentiated phenotypes, they do substantiate that the BMI is not too crude a measure to allow detection of linkage.
The published linkage findings also raise the question as to the clinical significance of the gene variants within the identified linkage regions. Will these turn out to have a major effect on body weight? Or will the effect merely be so small that the respective findings will turn out not to have a major impact on clinical practice? We expect that the answer to this and related questions will be forthcoming within the next few years.
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